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ABSTRACT 
 
 The purpose of the work performed in this thesis is to demonstrate the ability of a 
magnetron sputtering system to grow single crystal thin films of Uranium Oxides with and 
without specifically added Neodymium impurities.  To do this we analyzed our thin films using 
X-ray Photoelectron Spectroscopy (XPS), X-ray Diffraction (XRD), Rutherford Backscattering 
Spectroscopy (RBS), and Secondary Ion Mass Spectroscopy (SIMS).   This thesis will primarily 
focus on the growth of the thin films, and the analyzed results from X-ray Photoelectron 
Spectroscopy and X-ray Diffraction.  The analysis of thin films of UO2 and U3O8 is a relatively 
new field with minimal data on thin films.  There is however some work on bulk UO2 and U3O8.  
We will be able to compare our data to the data from bulk UO2 and U3O8 and predict the results 
from basic XPS and XRD theory.  Observations to the thin films structural and electronic states 
will be made in comparison to bulk material.  This will allow us to observe phenomenon such as 
oxidation, diffusion, and actinide incorporation within the film.  Also, we will discuss the use of 
two different substrates and the quality of film that is produced during growth.  Ultimately, this 
study will demonstrate the quality of our films and recommend the best substrate to be used in 
future film growth. 
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Chapter 1: Introduction 
Uranium oxide thin films can be very helpful in understanding the structural damage that 
occurs due to radiation.  Before we can start analyzing the radiation damage, we first need to 
successfully grow single crystal thin films of UO2, which we can then use to study the effects of 
radiation damage and the transport of actinide surrogates.  We employ the method of reactive-
gas magnetron sputtering using a dedicated sputtering facility at Illinois.  Argon plasma is used 
to sputter a depleted uranium target in the presence of oxygen (the reactive gas).  The films were 
grown at elevated temperatures to promote single crystal growth in the desired oxide phase.  The 
growth of UO2±x by way of sputtering has been performed in previous work at room temperature 
[2].  However, they do claim that U3O8 cannot be grown in a sputtering chamber due to the 
kinetics of oxidation.  We have successfully grown and reproduced films that are U3O8 in our 
magnetron sputtering chamber.  The analysis of these films will be discussed further in this 
study. 
To study the transport of actinide surrogates in the UO2 fluorite structure we grew thin 
films with substitutional impurities on the uranium cation sublattice.  Also, we have grown a film 
with a thin layer of uranium – neodymium oxide mixture in between two layers of UO2.  A 
discussion as to the behavior of the films with neodymium as a substitutional impurity and in a 
discreet layer will occur later in this study.    Although this particular combination of uranium 
and neodymium has not been fully studied before, other heavy metal – uranium systems have.  
Our hope is to be able to contribute to this field of study. 
There are many reasons to study the behavior of UO2 and the transport of actinides with 
UO2 in the form of thin films.  One main reason for using thin films is the compatibility of thin 
films and micro-analytical techniques.  Micro-analytical techniques such as TEM, SIMS, RBS, 
XPS, and XRD are easily performed on thin films where the bulk material may be incompatible 
with the technique.  In general it is important to study uranium oxides with and without 
substitutional impurities in order to expand upon the known parameter space of uranium oxide 
behavior.  Although this thesis is focused on the growth and analysis of thin films, these films 
can be used to study the effects of radiation at various doses and temperatures.  This can have 
long term applications in the study of nuclear fuel and fuel rod damage inside of operating 
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nuclear cores in fission plants.  A study of actinide transportation will allow us to update coding 
software for the presence of actinides after irradiation and catalog the behavior of actinide 
surrogates in the UO2 structure. 
The focus of this thesis will be on the use of x-ray photoelectron spectroscopy as an 
analysis tool with the use of x-ray diffraction and reflectivity analysis as confirmation of the 
results. The x-ray photoelectron spectroscopy allows us to observe the behavior of the valence 
states of elements contained in our films; particularly uranium.  The behavior of the valence state 
can tell us a lot about the film, including possible oxidation and diffusion within the film.  The x-
ray reflectivity will help confirm possible oxidation and diffusion based on the change in number 
density and absorption coefficients from the calculated values that are used during analysis.  
Finally, x-ray diffraction will help to conclude the phase and crystallinity of the films grown in 
our system. 
First, this thesis will give a brief theoretical background of the x-ray photoelectron 
spectroscopy and x-ray diffraction analysis techniques.  It will discuss the fundamental theory on 
which these two techniques are based.  Next is a review of the previous work that has been done 
on uranium and uranium oxides in the x-ray photoelectron spectroscopy and x-ray diffraction 
analytical fields.  Then, there will be a discussion on the magnetron sputtering technique and the 
set-up of the sputtering system used to grow these thin films.  This will be followed by the film 
growth conditions and a brief description of the analytical systems used.  Next will be a 
discussion of the results obtained from the x-ray diffraction, x-ray reflectivity, and x-ray 
photoelectron spectroscopy analysis.  In this discussion, an observation of the films crystallinity 
and valence state behavior will be made.  Finally, the conclusion will summarize the ability of 
the magnetron sputtering system to successfully grow thin films of uranium oxide and provide 
suggestions for future work in this field of study. 
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Chapter 2: Theoretical Background 
2.1 Theory Behind XPS Analysis 
X-ray Photoelectron Spectroscopy (XPS) is an analysis technique that uses x-rays in an 
ultra high vacuum environment to investigate the chemical compounds on a sample surface.   
This is a very simple process that can tell you a vast amount of information about a sample; 
including composition and chemical states.  XPS is based off of two simple processes that are a 
result from interactions between x-rays and electrons.  The first is Compton scattering.  An 
incident x-ray collides with a core electron.  The collision causes the electron to be ejected from 
the electronic shell.  The electron is released with a certain kinetic energy that is directly related 
to the binding energy of the electron to the atom.  The ejection of the inner core electron leads to 
the second processes; the missing inner core electron represents an unstable hole in the electronic 
shell.  An electron from the valance shell then fills the newly formed hole, causing an Auger 
electron to be emitted from the valance shell to conserve energy.  Again, the kinetic energy of 
the emitted electron is directly related to the binding energy of the electron to the atom.  These 
two processes are used to identify the elements in the sample since the binding energies of the 
electrons are unique for every element.  To determine the binding energies, we first need to 
collect the kinetic energies of the electrons.  Once the detector collects the data, we can calculate 
the binding energies of the electrons if we know the wavelength of the incident x-rays. 
 
        	
 (1) 
   (2) 
In equation 1, we can see the relationship between the kinetic energy of the emitted 
electron (KE) and the binding energy (BE) of that particular electron to the atom.  The frequency 
of the incident x-ray (ν) is related to the wavelength (λ) of the x-ray and the speed of light (c), as 
seen in equation 2.  Lastly, φspec is a correction factor that is unique to the spectrometer.  In 
theory, this should be all that is needed to find the binding energy of the emitted electrons.  
However, depending on whether the sample is an insulator or a conductor, this equation differs 
slightly.  In general, if the sample is a conductor then the basic equation for the binding energy is 
the one stated above.  This is due to the fact that the Fermi level of both the sample surface and 
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the spectrometer are equivalent.  Since all samples are grounded in the system the conducting 
sample will not have charge build up.  An insulating sample is slightly different.  For insulating 
samples, in general, the Fermi levels are not equivalent between the sample and the 
spectrometer.   Charge build up occurs just above the sample’s surface which causes the Fermi 
level of the spectrometer to shift to a higher energy.  The shift in the Fermi level of the 
spectrometer results in the kinetic energy of the measured electrons to be slightly different from 
the actual value.  To account for this during analysis, we calibrate the data to one of two peaks.  
The most common calibration peak is Carbon 1s at a binding energy of 285.1 eV on UO2 [2].  
Other values, such as 284.6 eV, have been quoted for C 1s on metals and should not be used for 
ceramic UO2 [2].  Carbon is used because there is a trace of carbon on every sample.  The second 
calibration peak is Gold 4f7/2 at a binding energy of 84.0 eV [5].   Now that we have the basic 
idea of how the XPS process works, we need to consider how to analyze the data. 
For the XPS system, a computer is responsible for collecting the data and analysis tools, 
such as CASA, are used to help in the determination of the elements and other properties of the 
sample.  One aspect that needs to be considered when analyzing the data, is which energy scale 
should be used.  The data that is collected is strictly a measurement of the kinetic energy of the 
electrons.  Although it is very useful information, it is hard to directly compare this information 
with kinetic energies recorded on other XPS systems.  This is because the kinetic energy of the 
electron is related to the energy of the incident x-ray.  Since not all systems will have the same 
incident x-ray energy, it is not as convenient to compare kinetic energies.  Binding energies, 
however, are unique to the element and not the system.  Since the energy of the incident x-ray 
will be known for the system, the binding energies can easily be found and the data can be 
transferred onto a binding energy scale.  This will also make it more convenient when comparing 
data from different XPS systems.  A phenomenon seen in XPS analysis is the effect of 
electronegativity.  This effect is predominantly seen in oxide samples due to the strong 
electronegative oxygen atoms.  The electronegative atom attracts an electron in addition to the 
electron’s host atom.  This causes the energy needed to emit the electron from the host atom to 
increase.  Since the electron is being attracted by both the host atom and electronegative atom, it 
requires more energy to be emitted.  Therefore, the binding energy for the host atoms is shifted 
to a slightly higher energy.  Another phenomenon that is seen in XPS is a splitting of the binding 
energy peaks for electron orbitals higher than the s orbital.  This is known as spin-orbital 
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coupling.  Spin-orbital coupling occurs when the electron shell is partially full due to the 
unstable nature of the configuration.  However, the spin and orbital momentum couple together 
to arrange the electrons into stable states.  For each orbital shell, p, d, and f, there are two stable 
configurations; one for a shell that is more than half full and one for a shell that is less than half 
full.  Table 1 documents the orbital and the common spin-orbital coupling configurations. 
 
Table 1: Spin-Orbital Coupling Configurations 
Orbital < Half Full > Half Full 
p 1/2 3/2 
d 3/2 5/2 
f 5/2 7/2 
 
The split in the binding energy peaks for each orbital varies between elements; however, 
for a given element it is constant.  This means that if the there is an energy shift due to 
electronegativity, the difference between the split orbital peaks will remain the same.  Also, for 
the split orbital peaks, the configuration with the highest coupled momentum will have the 
lowest binding energy.  When the orbital is more than half full, the coupled momentum will be 
greater than the momentum of an orbital that is less than half full.  Lastly, an important aspect of 
XPS is determining the composition of the sample.  This can be determined from the electron 
binding energy peaks.  The area under the binding energy curve is proportional to the number of 
atoms that emit the electrons at that binding energy.  Therefore if we take the ratio of the area 
under the binding energy curve for each element we can determine the composition of the 
samples surface.  However, a sensitivity factor must be introduced for each element in this ratio.  
All XPS systems have different sensitivity factors, making it difficult to obtain a precise 
composition without knowing the exact sensitivity factors. 
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2.2 Theory Behind XRD Analysis 
 X-ray Diffraction (XRD) is an analysis technique that uses x-rays to observe and 
characterize crystal structures of films, bulk material, and powders.  This technique is based on 
two interactions between x-rays and electrons.  The first interaction is described in the above 
section.  XRD is the result of the second interaction, scattering of x-rays in a collision with 
electrons.  Two outcomes are possible when the x-ray beam scatters; Thompson scattering and 
Compton scattering.  In Thompson scattering the x-ray is elastically scattered, keeping the same 
wavelength.  Even though the Thompson scattering model is the scattering of an x-ray by a free 
particle, the energy of the incident x-ray in XRD is much great than the energy of a valence 
electron.  Therefore, this process can be modeled as Thompson scattering.  In Compton 
scattering the x-ray collision with the electron yields a lower energy photon, increasing the 
wavelength.  Both outcomes play a role in the analysis of a crystal lattice. 
 Before we can discuss the interaction of x-rays with the crystal lattice structure, we must 
first discuss crystalline material.  In a crystalline material is comprised of repeating basic 
structures.  Typically we call these basic structures unit cells.  Unit cells are described by lattice 
vectors.  Lattice vectors are from a single lattice point and specify the basis of the unit cell.  A 
primitive unit cell is one where the area of the unit cell is a minimum.  However, primitive cells 
are not always easy to work with due to odd angles and factors.  A conventional unit cell 
describes the primitive cell in more usable vectors and structure.  In a crystalline material, it can 
be convenient to describe the structure in terms of families of planes.  X-rays will yield the same 
scattering effect for planes oriented in the same direction.  To distinguish these families of 
planes, we use Miller indices.  Miller indices are defined as [h, k, l] plane that is closest to the 
origin without including it.  The intercepts of these planes are defined as  a1 h ,
a2 k ,
a3 l  
where a1, a2, a3 are the magnitudes of the three axes a1, a2, a3.  Miller indices are very useful in 
the fact that each family of planes contains the same density of lattice points, and the planes in 
each family are equally spaced.  To find the spacing, dhkl, one simply needs the Miller indices 
and the lattice parameter, a.  Equation 3 displays the relation of the plane spacing and the other 
parameters. 
  √ ! !   (3) 
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The spacing between planes in the same family is important to note because it is part of 
Bragg’s law.  Now that we have established a basic understanding of crystalline materials, we 
can discuss the interaction between them and x-rays. 
As mentioned above, x-rays can scatter either by Thompson or Compton scattering.  
When performing XRD analysis, Compton scattering yields incoherent data that is perceived as 
an evenly varying background.  Thompson scattering, however, produces coherent data that 
follows Bragg’s law.  In materials with periodic spacing, the scattering angle can be related to 
the periodic spacing, the wavelength of the x-ray, and the scattering angle for Thompson 
scattering.  This is known as Bragg’s Law and is displayed in equation 4 below. 
"#  2 sin ' (4) 
 The equation above is derived from the interaction of x-rays on two parallel planes.  
Assume we have two parallel planes, A and B, separated by a distance d.  Two x-ray beams of 
the same wavelength, λ, are incident on these planes at an angle θ.  Upon interaction they would 
scatter at the same angle, θ, and the same wavelength, λ, as the incident beams.  Then the path 
difference between the two beams should be equal to n number of wavelengths. 
 
 
 
 
 
 
 
In crystalline material, the d spacing in Bragg’s law corresponds to the dhkl of the planes 
denoted with Miller indices.  Using Bragg’s Law we can calculate the expected scattering angle, 
or reflections, for a certain family of planes.  More importantly, we can use the detected angle to 
find the d spacing, and subsequently the Miller indices.  However, not all planes in all structures 
Figure 1: Diffraction of X-rays in accordance with Bragg's Law 
(  ()
#  s0/λ s/λ 
θ 
A 
B 
d 
θ θ 
θ 
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give a Bragg reflection.  We can predict which family will give us reflections by calculating the 
structure factor.  The structure factor is dependent on the atomic position of the atoms in the 
lattice structure, represented by rn.  It can be convenient to write these positions as fractional 
coordinates of the cell vectors a1, a2, a3 in terms of xn, yn, zn.  The structure factor can be thought 
of as the scattering amplitude for a given plane.   The definition of the structure factor can be 
seen in equation 5. 
*   ∑ ,-./
012  3
4
5·78-    (5) 
 Where s0 is the unit vector at which the x-ray beam is incident on the structure and s is 
the unit vector at which is scatters.  However, using these vectors can become quite complicated.  
It can be simplified by switching from normal space into reciprocal space.  Vectors in reciprocal 
space, b1, b2, b3, are defined below. 
9:  ;< = ;>;:·;< = ;> , 9< 
;> = ;:
;:·;< = ;>
, 9>  ;: = ;<;:·;< = ;> (6) 
Using these reciprocal vectors, we can define a vector in terms of Miller indices that is 
perpendicular to the hkl family of planes, Hhkl.   This leads to the relation between dhkl and the 
perpendicular vector shown in equation 7. 
dhkl  1|hb1!kb2!lb3|   
1
|Hhkl|
  (7) 
 As deduced from Figure1, the magnitude of the difference between the incident vector, 
s0/λ, and the scattered vector, s/λ, should be equivalent to the magnitude of the perpendicular 
vector to the hkl planes, Hhkl.   
@s - s0 @  |CDEF| (8) 
Using the equations above and the normal and orthogonal relations between vectors we 
can rewrite the structure factor to the simplified form shown in equation 9 below. 
*   ∑ ,-.0129:!9<! 9>·GH;:!IH;<!JH;K-   ∑ ,-.012GH!IH!JH-  (9) 
 Using this version of the structure factor allows us to determine the relative intensity of 
the hkl planes in the same structure. This allows us to determine the possible reflections for a 
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given structure, and which are most likely to be seen.  Fhkl can even become zero for a given hkl 
in a structure.  This allows us to determine if a structure is a face center, body center, or side 
center Bravis lattice.  For example, a face center cubic structure would exhibit the following 
structure factor form for the given hkl combination. 
h, k, l all even or all odd: *  4 ∑ ,-.012GH!IH!JH-/N  
h, k, l are mixed even and odd: *  0 
 Where fn is the atomic form factor for the n
th element in the lattice.  This type of 
phenomena is common for a given combination for h, k, l.  Due to this, we can easily determine 
what reflections are expected during XRD analysis.  In crystalline structures this is helpful in 
comparing peak intensities to determine the crystal orientation.  For example if a (1 1 1) and a (1 
0 0) peak are both present, then we can use the structure factor to normalize the intensities and 
determine which orientation is dominant. 
 In the analysis of thin films, a specular scan is commonly used to observe the reflection 
peaks.  The sample is placed at an angle of ω with respect to the x-ray beam and at an angle of 2θ 
with respect to the detector.  When this scan is performed, the value of ω is kept at half the value 
of 2θ.  The detector and the beam are then rotated around the sample at a consistent rate.  This 
allows the x-rays to be incident of the film at different ω values so that all crystallographic 
phases contained in the film are observed.    This technique allows us to analyze the entire film 
and substrate.  A rocking curve is used to determine if the film is in registry with the substrate or 
has good mosaic.  This scan is performed by holding the detector at the 2θ peak position and 
moving the beam angle in small increments around the peak.  This scan can easily be visualized 
in reciprocal space.  Figure 2 displays the reciprocal space map relating the specular and rocking 
curve scans. 
 
 
 
10 
 
 
 
 
 
 
 
 From the rocking curve, we can also find the average crystal dimension.  For a cubic 
system, such as UO2, we can calculate this from the full with half maximum (FWHM) of the 
rocking curve.  Equation 10 displays the Debye – Scherrer equation which relates the FWHM, B, 
to the crystal dimension, L.  The wavelength, λ, is from the x-ray beam and the angle, θ, is half 
of the 2θ peak position on the specular scan.  For cubic systems the constant is 0.94 and will vary 
for different crystallographic systems. 
   ).PNQ RST U (10) 
One phenomenon that is observed in the crystals is particle size broadening.  The Debye 
– Scherrer equation shows that the FWHM and the crystal dimension are inversely proportional.  
Therefore, the smaller the particle size, the more the peaks broadens.  Since the peak breadth 
increases by 1/cos(θ), this phenomenon is more pronounced at larger angles.  It is more favorable 
for the FWHM of the rocking curve to be small; indicating a large part of the film is oriented 
along the direction on which the rocking curve was performed. 
 
 
  
Specular direction 
Rocking Curve 
The origin marks the center of a peak 
in the specular scan. 
O 
Figure 2: Above is the reciprocal space map relating a specular and rocking 
curve scan in XRD analysis. 
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Chapter 3: Literature Review 
X-ray photoelectron spectroscopy (XPS) has been performed on various types of uranium 
oxide samples.  A few of these include uranium oxide powders, pellets, solutions and DC 
sputtered films.  The most common samples for XPS analysis are powders and films.  In 
powdered samples, the UO2 composition is typically obtained by using commercial UO2 and 
reducing it with CO to remove any possible oxidation.  The higher oxides are then created by 
annealing the powder in pure oxygen at the temperature and oxygen partial pressure determined 
by phase diagrams [5].  Another possible approach to making these powder samples, is by 
starting with U3O8 samples, and reducing with either H2 reduction or Ar
+ -sputtering [3].  There 
are a couple of different ways to make films of uranium oxides.  One method is by DC sputtering 
of a uranium metal target with argon gas in the presence of oxygen [2].  Another way to create 
these films is to use a uranium oxide solution and react it with an annite substrate to create a film 
of uranium oxide on the surface of the substrate [15, 17].  Despite the variety of methods to 
analyze uranium oxides using XPS, there is no precise agreement in the accepted values for the 
U 4f7/2 and U 4f5/2 main peak positions or the U
4+, U5+, and U6+ component peak positions.  It is 
generally accepted that the U 4f7/2 and U 4f5/2 main peaks for UO2 are in the range of 379.2 to 
380.9 eV and 390.0 to 391.8 eV, respectively.  The separation between the two main peaks has 
been determined to be 10.85 eV, and is caused by the spin-orbital interactions [18].  The 
separation of the U 4f7/2 and U 4f5/2 is very helpful in finding the component peak location for 
the U 4f5/2 peak.  The majority of the reported work discusses the placement of the U
4+, U5+, and 
U6+ component peaks in U 4f7/2 rather than for the U 4f5/2 peak.  The peak positions for the U
4+, 
U5+, and U6+ components is the U 4f7/2 peak have been found to be in the range of 380.31 (± 0.04 
eV), 380.85 (± 0.05 eV), and 381.75 (± 0.07 eV), respectively [15].  Although these valence 
states have been widely studied, their range of values overlap and it can be difficult to determine 
exactly what state is present.  If multiple states are present it is helpful to note the separation 
between the valence states.  The typical peak separations between the U4+ and U5+ states ranges 
from 0.45 to 0.63 eV, where the separation between the U5+ and U6+ states is in the range of 0.80 
to 1.02 eV.  Similarly, the typical peak separation between the U4+ and U6+ states is in the range 
of 1.31 to 1.53 eV [15].  The U 4f7/2 and U 4f5/2 peaks have not only been studied for UO2 but 
also for other oxidation states such as U3O8, UO3, and even for metallic uranium.  In previous 
studies, metallic uranium has been found to have the U 4f7/2 and U 4f5/2 peaks at 377.2 and 387.9 
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eV respectively [3].  As the uranium moves to higher oxidation states, the U4f peaks have a 
general trend to shift to higher binding energies.  It has been observed when the oxidation states 
of uranium increase from metallic uranium through UO2, U3O8 and ending at UO3, there are 
significant shifts in the U4f binding energies.   For example, there is approximately a 3.0 eV shift 
in the U 4f7/2 peak binding energies between metallic uranium and UO2.  After the increase to 
UO2, the binding energies increase much more gradually through U4O9, and U3O8 ending at UO3.  
The binding energies from UO2 to U3O8 are approximately 1.0 eV apart for the total shift across 
the U 4f7/2 peak.  Likewise, the shift from U3O8 to UO3 is only approximately a 0.8 eV shift 
across the U 4f7/2 peak [5].  The accepted literature values for UO3 are in the range of 380.7 to 
381.8 eV for the U 4f7/2 peak [18].  Even with the small overlap with the UO2 range, there is a 
clear shift to higher binding energies when the oxidation state is increased. 
Table 2: Reported XPS Peak Values 
  U 4f7/2 (eV) U 4f5/2 (eV)   
UO2 Main Peaks 379.2 - 380.9 390.0 - 391.8   
U3O8 Main Peaks 381.5 392.4   
U Main Peaks (Metallic) 377.2 387.9   
        
  U
4+
 (eV) U
5+
 (eV) U
6+
 (eV) 
Component Peaks U 4f7/2 380.31 ± 0.04 380.85 ± 0.05 381.75 ± 0.07 
        
  IV - V (eV) V - VI (eV) IV - VI (eV) 
Peak Separations 0.45 - 0.63 0.80 - 1.02 1.31 - 1.53 
 
Another property that should be noted when working with uranium oxides is the behavior 
of hyper-stoichiometric and hypo-stoichiometric UO2 as it pertains to the chemical shift within 
the U 4f peaks.  It has been observed that hyper-stoichiometric UO2+x is a p-type semiconductor, 
where hypo-stoichiometric UO2-x is an n-type semiconductor [3].  A p-type semiconductor 
contains charge carriers, or holes, which are acceptor states.  The Fermi level lies near the top of 
the valence band for hyper-stoichiometric UO2.  Addition of oxygen in the UO2 lattice allows 
more electrons to be removed from the UO2 valence band, causing it to become a p-type 
semiconductor.  A n-type semiconductor contains extra electrons that are donor states.  The 
Fermi level for n-type semiconductors lies near the bottom of the conduction band.  Removal of 
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oxygen from the UO2 lattice allows more electrons to exist in the conduction band, causing the 
sample to have n-type semiconductor properties.  In an XPS system, the Fermi level will always 
be fixed with respect to the spectrometer if the sample is sufficiently grounded.  This allows us to 
observe a shift from n-type to p-type semiconductors by noting the shift in the core-level.  The 
core-level shift is approximately the size of the UO2 band gap, 2.1 to 2.7 eV [2]. However, if 
large defects are present in the film, the Fermi level will be fixed in between the bottom of the 
conduction band and the top of the valence state.  This will cause the core level shift not to be the 
same as the band gap [2]. 
One property that can be difficult to control and monitor when working with UO2 is 
oxidation in air.  It is known that pure uranium has a high affinity for oxygen.  In fact it is known 
to rapidly oxidize in air, creating oxidizes such as UO2+x (x≤0.25), U3O7, and U3O8 [21].  This 
makes UO2 difficult to store.  The oxygen accumulates at the surface defect sites [20].  The 
phase at which UO2 oxidizes to is under some debate.  However, the general consensus  is that 
the U3O7 phase is the most likely to form on UO2 samples when it is oxidized below 400K [5].  
The new oxidation layer does not typically suppress the UO2 spectrum that arises from the bulk 
of the sample.  This causes the signal in the photoelectron peaks for uranium to broaden.  As 
UO2 oxidizes to slightly higher oxidation states, there is a progressive increase in the lattice 
disorder due to the addition of interstitial oxygen ions.  This can be seen in an increased full with 
half maximum (FWHM) of the photoelectron peaks in both uranium and oxygen.  However, 
UO2.25 the peaks demonstrate a slight sharpening compared to the UO2+x states, with x<0.25.  
This is most likely due to the ordering that occurs when the U/O ratio for U4O9 is reached [5].  
The oxygen interstitials form a new structure within the fluorite lattice.  This phenomena will be 
discussed later in this chapter. 
One of the most important features of XPS that has been used to study uranium oxides 
and their oxidation states are the satellite or “shake-up” peaks that occur on the high binding 
energy side of the photoelectron peaks.  These shake-up peaks are created when a photoelectron 
losses part of its energy to an electron in the valence band.  This is due to the fact that an 
electrostatic potential is formed across the valence electron when a photoelectron is created [16].  
This potential excites the valence electron to an empty or partially empty higher orbital.  The 
energy transfer to the valence electron causes the photoelectron to have a slightly lower kinetic 
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energy [18].  This would cause the binding energy to increase, as discussed earlier in equation 1.  
The difference between the higher orbital and the electron’s initial position in the valence band is 
an indication of the separation between the photoelectron peak and satellite peak positions [16].  
The separation of the photoelectron and satellite peaks is very useful in determining the valence 
state of the uranium.  Each orbital for each element has unique separation energies.  Satellite 
peaks have been seen from approximately 4 to 16 eV from the photoelectron peak.  The high 
binding energy satellites, in the range of 14 to 16 eV, are attributed to energy loss and are 
typically very weak compared to the prominent satellites at lower binding energies [19, 21].  In 
the U4f orbital, it has been found that the satellite peaks appear at approximately 6.8 eV for the 
U4+ valence state [15].  For the U5+ valence state, the satellite peaks appear approximately 8 eV 
higher than the photoelectron peaks.  The U6+ valence state has satellite peaks at 4 eV and 10 eV; 
however, the 4 eV valence state is only present in monovalent compounds [16].  The appearance 
of these satellites can also be attributed to certain valence and bonding bands.  For example, the 
satellite peak for U4+ is associated with an electron jumping from the O 2p-U bonding band to 
the localized uranium 5f levels [19].  Similarly, the 4 eV satellite from U6+ is associated with this 
same level.  The 10 eV satellite, however, is associated with an electron excitation from the U-O 
bonding band to the empty uranium 6d level in the conduction band [16].  It has also been 
observed that the intensity of the U 5f level when compared to the O 2p-U bonding band 
intensity was at a maximum for the O/U ratio of 2.0.  This indicates that small increases in the 
O/U ratio can lead to dramatic changes in the electron occupation of the U 5f level.  This would 
cause a significant change in the U 4f profile; most notable is the appearance of the U5+ satellite 
at approximately 8.2 eV [21].  An understanding of the causes and likely placements of the 
satellites for the photoelectron peaks, along with the component placements and separations, is 
very useful in the determination of the valence state of uranium related to film stoichiometry.   
Another aid that can be used to determine the stoichiometry of our films is X-ray 
Diffraction (XRD).  There have been many studies performed with regard to the structural 
changes of the UO2 fluorite structure as it oxidizes to U3O8.  It is generally known that UO2 
exhibits the cubic fluorite structure with an accepted cell parameter of a = 5.470 Å [9].  As we 
move from UO2 to higher oxides we notice a slight contraction and structure shift.  For UO2+x 
structure, where x ≤ 0.25, does the cell parameter decreases slightly with the added oxygen, 
staying in the range of 5.470 to 5.445 Å.  When we reach α- and β-U3O7 the structure starts to 
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shift to a tetragonal fluorite system.  The main structural difference between α- and β-U3O7 are 
the a and c cell parameters (a=5.472 Å, c=5.397 Å for α-U3O7, and a=5.363 Å, c=5.531 Å for β-
U3O7).  Once the O/U ratio reaches 2.50, the structure shifts from a fluorite to a layered structure.  
It is known that α-U2O5 forms a hexagonal phase that shifts into an orthorhombic structure for 
U2O5 and U3O8 [9].  As mentioned before, U4O9 has been found to have a very similar cell 
parameter to UO2.  The contraction of the lattice leads to a slight shift of the UO2 2Θ values to 
higher values [10].  Typically in XRD, the U4O9 (200) peak is broader than the UO2 (200) peak 
due to the increased microstrain in this direction [11].  However, even with this broadening of 
the peak and the slight shift, it is difficult to distinguish from XRD the true nature of x in UO2+x 
[12]. 
One reason to consider the structure of higher oxides in the analysis of XRD on UO2 thin 
films is the ability to readily oxidize in air.  There have been many studies focusing on the 
mechanics of the transition of UO2 into a higher oxide state such as U3O7 and U3O8.  The 
appearance of U4O9 and U3O7 are generally accepted as early signs of oxidation [10,11].  It was 
also observed that the oxidation of UO2 at temperatures lower than 400°C occurs only by oxygen 
diffusion.  This is an indication that dislocations would most likely not exist in oxidized UO2 
films [13].  This is probably due to the slow kinetics of the UO2 oxidation process [2].  It has 
been observed that the initial incorporation of oxygen into the fluorite lattice leads to a decrease 
in the cell parameter [11].  These non-stoichiometric distortions can be attributed to the physical 
changes that occur during the incorporation of oxygen.  The oxygen is displaced from it ideal 
cubic lattice sites.  The oxygen insertion and migration of oxygen interstitial is confined to the 
oxygen sublattice, leaving the uranium sublattice intact [10].  In the UO2 fluorite system, the 
oxygen occupy the ¼  ¼  ¼ lattice positions.  The largest holes for interstitials to form in the 
fluorite lattice are located at the ½  ½  ½ , ½ 0 0, 0 ½ 0, and 0 0 ½ positions.  However, when 
oxygen interstitials are introduced into this system they do not occupy the largest holes.  Instead 
they are approximately 1 Å away from the holes [14].  When an interstitial oxygen enters into the 
lattice, the two nearest neighbor uranium ions shift from U4+ to U5+.  This causes the interstitial 
oxygen to shift slightly towards nearest neighbor uranium.  This also shifts the two nearest 
neighbor oxygen ions slightly along the <111> direction [14].  As more oxygen is introduced 
into the fluorite structure, evidence of U3O7 becomes more apparent.  One of the biggest 
indications of the formation of U3O7 is the splitting of the (200) UO2 peak into a doublet of 
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(200)-(002) of the tetragonal phase for U3O7.  The cell parameter values shift into the respective 
a and c values depending on the α- or β-U3O7 phase [11].  The cause for the split (200) peak is 
due to the distortion of the cubic fluorite structure into the tetragonal fluorite structure, where c/a 
≠ 1.  In fact the transition into this distortion leads to an observed splitting in all peaks except for 
the (111) planes [10].  Another observation about the oxidation of UO2 to U3O7 is in relation to 
the appearance of the α- and β-U3O7 phases.  It was found that at temperatures above 150°C, β-
U3O7 was the preferred oxidation form.  Whereas α-U3O7 is the preferred oxidation form during 
oxidation at temperatures below 150°C [12].  Oxidation past the U3O7 leads to a structural 
change from a fluorite to a layered structure.  The initial packing structure for the uranium layer 
in fluorite is ABCABC.  Once α-U2O5 is formed, the packing sequence slowly changes until the 
uranium layer falls into an AAA packing sequence in U3O8.  The change from the fluorite to the 
layered structure is initiated by the increased distortion in the fluorite structure by the addition of 
interstitial oxygen atoms.  A sharp transition from fluorite to layers occurs at the U2O5 
composition when the distortion and lattice strain becomes too high for the lattice to remain in 
the fluorite structure.  It was observed that during this transition the hexagonally packed layers in 
the UO2 structure remain intact as it oxidizes to U3O8.  In other words, the (111) plane in the 
uranium lattice for UO2 is exactly the same as the (001) plane in the U3O8 uranium lattice [9].  
Keeping this information in mind, as well as the XPS properties of uranium oxides, we can 
proceed in the analysis of our films. 
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Chapter 4: Experiment 
4.1 Magnetron Sputtering 
 The process of growing thin films can be referred to as the Physical Vapor Deposition 
(PVD) process.  In this process, solid or liquid materials are vaporized into molecules or atoms, 
and are transferred through a vacuum environment to condense on a substrate.  This is typically 
accomplished through sputtering or evaporation.  Sputtering is where energetic atoms or atomic 
sized particles bombard a solid target, ejecting atoms from the surface due to a transfer of 
momentum.  This allows the ejected particles to condense and cover the substrate material.  
There are many different ways to induce a sputtering effect.  The system has a magnetron plasma 
configuration to sputter our films.  This technique uses electric fields to confine electrons to a 
path that is close to the surface of the cathode.  The cathode end is the target material that is to be 
sputtered; meaning that it emits electrons at the surface.  This will cause it to have a negative 
potential relative to the positively charged plasma.  The positive ions in the plasma are then 
accelerated toward the target and begin to bombard, or sputter, the target.  The act of sputtering a 
target requires a relatively large amount of energy.  In general, the minimum energy required is 
25 eV to displace an atom in solid form.  Reactive sputter deposition is when the sputter atoms 
react with the gaseous environment and form compounds or molecules to be deposited on the 
substrate.  Typically, the plasma is generated by a heavy inert gas to optimize the sputtering 
output.  A lighter, highly reactive element, such as oxygen, is used as the reactive gas at a lower 
partial pressure than the heavy, plasma generating gas.  A typical visual cue that plasma has been 
created near the target is a glow near the surface of the target or cathode.  This is created from 
the emission of light when an electron undergoes the de-excitation process.  In our system we 
have observed a color such as purple, blue, and green.  Our system is designed to control the 
magnetron plasma by either a DC or RF power supply.  For the films in this document, only the 
DC power supply was used during growth.  This power supply can be controlled by voltage, 
current, and/or total power.  We use Argon gas as our working gas, and oxygen as the reactive 
gas.  
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4.2 System Setup 
 The film deposition system is comprised of two chambers.  A diagram of the system can 
be seen in Figure3. The main chamber is under constant vacuum, breaking only for maintenance.  
Typically, it is held at pressures of 7.5x10-7 to 7.5x10-9 Torr when we are not growing films.  The 
main chamber contains three magnetron sputtering guns that create the argon plasma over each 
of the targets.  The three targets in our system are comprised of two inch disks of 99.9% pure 
metallic uranium, cerium, and neodymium.  Each target and magnetron gun couple has its own 
shutter to protect it from debris from other sputtering sessions.  The targets are also back plated 
by copper to increase the heat transfer so that they do not over heat upon sputtering.  The 
magnetron guns are also constantly cooled during operation.  The magnetron guns are placed at 
the bottom of the main chamber and are arranged in a triangular shape, with each gun tilted 
slightly towards the center.  This tilt optimizes the flux seen by the sample, which is located in 
the center above the magnetron guns.   
The second chamber is a loading chamber that is considered to be mildly contaminated 
since it is open to the atmosphere when a sample is loaded and unloaded.  A gate valve connects 
the two chambers and is only opened when the substrate is being transferred.  A transfer plate 
inside the loading chamber is connected to a long transfer arm that can be manually controlled by 
an external magnetic-couple.  The transfer plate has three vertical pins that are in a triangular 
position to hold the sample mount plate.  The mounting plate is a round Inconel plate that has 
three pin holes that correspond to the transfer plate.  The mounting plate is placed sample side 
down on the transfer plate.  Once in place, the loading chamber is isolated and pumped down 
until an appropriate vacuum is reached.  Once reached, the gate valve connecting the loading 
chamber to the main chamber is opened.  The transfer arm is used to slide the transfer plate with 
the sample mounting plate into the main chamber.  The plate is inserted just above the sputtering 
guns, but below the sample stage.  Once the sample stage is in the center of the main chamber, a 
shaft is lowered by hand to the top of the mounting plate.  There are three “fins” projections on 
the end of the shaft that fit and lock into a cut out on the top of the mounting plate.  Once the 
shaft is locked into place, the shaft is then raised, lifting the mounting plate with it and off of the 
transfer plate.  Once the mounting plate is well above the transfer plate, the transfer plate is 
pulled back through the gate valve and out of the main chamber.  The gate valve is then closed in 
preparation for film growth. 
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Once the mounting plate is connected to the post in the main chamber we have the ability 
to heat and rotate the plate.  The rotation of the mounting plate allows for a uniform flux to be 
seen by the substrate regardless of which magnetron gun we are using.  The heater heats the 
sample holder, and therefore the substrate through conductivity.  Our system radiatively heats the 
sample holder by using two halogen bulbs placed in front of a reflector.  The holder is 
additionally cooled to keep it at a constant temperature during growth.  The temperature is 
monitored using a standard thermocouple gauge connected just above the sample stage.  There is 
also a manually controlled shutter that is just below the mounting plate when it is connected to 
the sample holder.  This shutter can be placed directly in front of the sample to shield it from any 
foreign material before growth.  It is also common practice to bake out the system, before 
substrate placement, to clean the main chamber.  This is typically done by heating the chamber 
walls under vacuum to remove any contaminants from the system prior to substrate insertion and 
growth. 
Not only does the main chamber experience a bake-out cleaning before growth, but the 
substrate goes through a rigorous cleaning process before being inserted into the growth system.   
First, the substrate is ultrasonically washed in a fume hood with trichloroethylene (TCE) to 
remove any organic compounds on the substrate’s surface.  Next, it is placed in an ultrasonic 
bath of concentrated acetone.  This is used to remove any organic compounds that were 
potentially missed by the TCE.  It is then transferred to an ultrasonic bath of isopropyl alcohol 
(IPA) to remove any residue that might have been created or left behind from the acetone bath.  
Next, the substrate is placed in an ultrasonic bath of methanol to remove any potentially 
adsorbed water on the surface.  Finally the substrate is rinsed with de-ionized water to remove 
any leftover methanol residue.  Once this is done, the substrate must be fixed to the mounting 
plate.  A small amount of low vapor pressure silver thermal paste is place in the desired location 
and the substrate is placed, polish side up, on the paste.  The silver paste must now be cured at 
elevated temperatures for several hours.  This allows for better thermal conductivity between the 
mounting plate and the substrate.  Once the curing process is complete, the substrate is given a 
final wipe down with methanol on a particle free KimWipe and is now ready to be loaded into 
the system as described above. 
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4.3 Film Growth 
 Currently in our system we have used two different substrates to grow films of uranium 
oxide.  The first substrate that we attempted to create a thin film of uranium oxide on is R-plane 
sapphire, or Al2O3.  The sapphire substrates are oriented in the (0 1 2) direction with a slight 
miscut of approximately 0.05 degrees.  These substrates are 14mm x 14mm x 0.5mm and are 
only polished on one side.  The second substrate that we attempted to create a thin film of 
uranium oxide on is yttrium stabilized zirconium (YSZ).  This substrate is comprised 8% mole 
Y2O3 in the ZrO2 structure.  It has a cubic, face centered structure and is oriented in the (0 0 1) 
direction with a miscut of approximately 0.18 degrees.  These substrates are 10mm x 10mm x 
0.5mm and are also only polished on one side.  The miscut for each of sample type was 
measured using the XRD system.  Figure 4 displays the miscut measurement for the YSZ 
substrate.  By observing the change in the ω by varying the φ angle from -180° to 180°, we can 
calculate the miscut angle.  The amplitude of the curve fit through the collected data is the miscut 
angle of the substrate.  
 
Figure 4: Above is the miscut measurement for the YSZ sample.  This same process was used to determine the Al2O3 
miscut angle. 
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 Despite the different substrates, the growth procedure is that same.  Each substrate is 
cleaned and inserted into the system as described above.  The sample is then annealed at 400°C 
for two hours prior to growth.  During annealing, the sample stage undergoes a constant rotation 
of approximately 50 rpm.  This rotation is maintained throughout the growth process to ensure 
even heating and flux distribution.  After the annealing period, the system is brought to its 
intended growing conditions.  Typically for the films discussed in this study, the temperature 
range for growth is from 650°C to 800°C and the oxygen partial pressure range is from 1x10-8 to 
1x10-7 Torr.  Before the plasma is ignited, the sample shutter is positioned to cover the sample in 
the case that the initially sputtered atoms may be contaminants left on the surface of the target.  
The magnetron guns in this experiment were first controlled by power in the DC power supply.  
This control was later switched to current control since it yielded more stable plasma.  The 
typical power given to the uranium magnetron gun for ignition was 20 W, corresponding to a 
current range of 0.045 – 0.059 Amps.  When the uranium and neodymium guns were run 
simultaneously, the uranium gun was set at 0.090 Amps and the neodymium gun was set at 0.018 
Amps.  Once the plasma had been ignited, the sample shutter was opened and growth 
commenced.  The thickness of the film is measured by an INFICON TM-400 thickness monitor; 
however, the data is proportional to the growth rate.  The actual thickness, determined by X-ray 
Reflectivity, was found to be consistently slightly less than half of the thickness monitor reading.  
When the desired thickness is reached, the power supply to the magnetron guns is turned off, and 
the sample shutter is positioned back in front of the sample.  The rotation of the sample remains 
on while the temperature is slowly decreased back to room temperature over the course of 
approximately an hour.  
Once the sample stage reaches room temperature, the mounting plate with the sample is 
removed from the system.  This is done by reopening the gate valve between the main chamber 
and the load lock chamber, which is still under vacuum.  The transfer arm is brought back into 
the system and the mounting plate is lowered back onto the transfer plate is such a way that the 
three pins on the transfer plate connect with the three holes on the mounting plate.  Once this is 
done, the mounting plate is unlocked from the central shaft and the shafted is raised to remain 
out of the way of the transfer arm.  The transfer plate is pulled back through the gate valve, 
which is closed once the plate is inside the load lock.  The load lock is then depressurized and the 
mounting plate with the sample is carefully removed.  A single razor blade is used to detach the 
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newly grown film from the mounting plate.  The film is then placed in a KimWipe and placed in 
a clear plastic container to avoid contamination. 
 
Table 3: Film Growth Conditions and Results 
Sample Substrate Temperature (°C) O2 Pressure (Torr) Phase Rocking Curve Width 
3 R-Plane Sapphire 650 5.3x10-4 U3O8 2.04 
4 R-Plane Sapphire 650 2.5x10-4 U3O8 1.9 
5 R-Plane Sapphire 800 3.0x10-8 U4O9 1.1 
8 R-Plane Sapphire 750 7.8x10-8 UO2 2.7 
9 R-Plane Sapphire 750 7.1x10-8 UO2 2.7 
12 R-Plane Sapphire 750 N/A U0.8Nd0.2O2 2.5 
25 YSZ 700 1.0x10-7 UO2 0.16 0.86 
26 YSZ 700 1.1x10-7 UO2 + NdxOy 0.16 0.87 
27 YSZ 700 1.4x10-7 UxNd2-xOy  0.09 0.73 
 
Using the general growth process described above, a number of samples were grown at 
various temperatures and oxygen partial pressures.  A summary of the growth condition for the 
samples discussed in this study can be found in Table 3.  The phases for each sample were 
determined by using XRD and XPS.  The analysis and results will be discussed in a later chapter. 
4.4 Analysis Systems 
 The analysis of our thin films is performed on a XRD analysis system, and two XPS 
analysis systems.  The XRD system is a Phillips Xpert X-ray Diffraction System.  It uses a Cu 
Kα (λ = 1.540598Å) source, and can be configured for both diffraction and reflectivity analysis.  
One XPS system that was used for the initial surface study was a Kratos Axis ULTRA high 
performance x-ray photoelectron spectrometer.  This is an automated system that can analyze a 
wide range of samples.  It has an aluminum monochromatic x-ray source, as well as a dual anode 
x-ray source using magnesium and aluminum.  The detection system is a spherical capacitor 
electron energy analyzer.  The second XPS system was used to sputter the film surface and then 
collect the data.  For this we used a Physical Electronics PHI 5400 general purpose photoelectron 
spectrometer.  This system also uses aluminum as the monochromatic x-ray source, and 
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magnesium and aluminum for the dual anode x-ray source.  Similar to the Kratos system, it also 
had a spherical capacitor electron energy analyzer for its detection system.  This XPS system 
uses a differentially pumped 1-5 keV argon ion gun for sputtering of the film surface.  This 
system was chosen for the sputtering portion of the analysis due to its ability to sputter and 
analyze in situ.  Using these systems we were able to obtain the phase, texture, and electronic 
configurations of our thin films.  This analysis will be discussed in the next chapter. 
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Chapter 5: Results and Discussion 
5.1 XRD Analysis and Results 
 The first analysis performed on the thin films was X-ray Diffraction (XRD) analysis.  
Each thin film was subjected to the same XRD analysis with the instrument described in the 
earlier chapter.  Initially, a 2θ-ω specular scan of the film is taken.  The film is mounted with the 
substrate side down, and positioned in the center of the x-ray beam for maximum exposure.  
After the specular scan, a rocking curve was performed on the first order film peak that was 
displayed in the 2θ-ω specular scan.  This allows us to derive conclusions on the mosaic of the 
thin film.  Lastly, an in-plane phi scan was performed.  In this scan, the film is tilted is such a 
way that an in-plane direction will be visible.  Then the sample is rotated to observe the 
symmetry the in-plane direction displays.  Using the results from these three scans, it can be 
determined whether the film exhibits single crystal properties, the growth direction, and the 
structure of the film. 
 First we will discuss the results from the 2θ-ω specular scan of the films.  These scans 
were performed with a 2θ range of 10°-120°.  Since we are using x-rays, we are able to observe 
both the substrate and film reflection peaks.  The R-plane sapphire substrate can be indicated by 
the 2θ peak placement of 25.578° and 52.549° for the (0 1 2) and (0 2 4) reflections, respectively.  
Likewise, the YSZ substrate yields reflections at 34.789° and 73.440° for the (0 0 2) and (0 0 4) 
reflections, respectively.  It is important to note where the substrate peaks are located so that the 
film peaks can be separated from them.  The reported UO2 values for the (1 1 1) and (0 0 2) 
reflections are 28.267° and 32.754°, respectively.  These would be the most common directions 
of film growth on our substrate structure.  When oxygen in added to the lattice, the 2θ values 
shift to slightly lower values.  Therefore, it can be difficult to determine the x in the UO2+x 
system since the displacement is so small.  However, the shift to the U3O8 (0 0 1) reflection, 
located at 21.41°, is significant due to the structural change and can be easily observed.   We can 
see in Figure 5 the comparison of samples 4, 5, 9, and 12 that were grown on R-plane sapphire.  
It can clearly be determined that sample 4 is U3O8 oriented in the [0 0 1] direction by the location 
of the primary peak and the subsequent higher order reflections. Samples 5, 9, and 12 are close to 
the UO2 structure oriented in the [0 0 2] direction.  This is indicated by the presence of peaks at 
the known UO2 (0 0 2) and higher order reflections.  It is difficult to determine to distinguish 
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between samples 5, 9, and 12 which might be pure UO2 and which are in the UO2+x form.  We 
know from growth that sample 12 contains neodymium, uniformly distributed throughout the 
sample.  Based on the specular scan, there is no indication of a precipitate of NdxOy occurring in 
this film.  Since the 2θ values are relatively close to UO2, we can conclude that the film is in an 
U1-xNdxO2±y phase, with a cubic structure similar to UO2. From the International Centre for 
Diffraction Data database, it was determined that the most likely configuration is U0.8Nd0.2O2.  
Samples 5 and 9, however, display peak positions that are slightly lower than UO2 but are still 
higher than values for U4O9.  Since the UO2 and U4O9 peaks are very close together, the value of 
x can be interpreted to be from 0 ≤ x ≤ 0.25 in the UO2+x phase.  Although it is not shown in 
Figure 5, it is observed that samples 3 and 4 have the same peak placement, and are therefore 
both U3O8 oriented in the [0 0 1] direction.  Similarly, samples 5, 8, and 9 have similar peak 
placements, indicating that sample 8 is also is UO2+x oriented in the [0 0 1] direction. 
 
Figure 5: Above are the XRD specular scans for samples 4, 5, 9, and 12 grown on R-plane sapphire. (Listed from bottom 
to top)  Sample 4 was found to be U3O8.  Samples 5 and 9 were found to be UO2+x, where x ≤ 0.25.  Sample 12 was found to 
be in the UxNd1-xO2 phase. 
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Figure 6: Above are the specular scans from samples 25, 26, and 27 grown on YSZ. (Listed from bottom to top) 
 
The same specular scan analysis was performed on the YSZ substrate samples.  Figure 6 
shows a comparison of samples 25, 26, and 27.  Sample 25 can be attributed to UO2+x in the [0 0 
1] orientation, due to the placement of its reflections.  Sample 27 was grown under similar 
conditions as sample 12, with a uniform distribution of neodymium throughout the film.  The 
observed peaks are consistent with the U0.8Nd0.2O2 phase oriented in the [0 0 1] direction.  
Sample 26 was grown with a layer of UxNd1-xOy in the center of the UO2 film.  The only 
reflections present are the UO2 (0 0 1) and higher order reflections, indicating that the structure 
and orientation did not change after the NdxOy layer was inserted.  When comparing the specular 
scans of the films on R-plane sapphire versus YSZ, we notice that the reflections are 
significantly sharper for the YSZ substrate than for the R-plane sapphire substrate.  To take a 
closer look at this observation, we will perform a rocking curve on the first order reflection on 
the specular scan. 
A rocking curve is performed by fixing the 2θ angle of the detector and changing the ω 
angle by very small increments over a small range or about 10°.  This is typically used to 
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describe the mosaic of the thin film.  In Figure 7 we can see the rocking curves for samples 4, 9, 
and 12 grown on R-plane sapphire.  These peaks are broad and lack a narrow component.  This is 
an indication that these films are not in registry with the Al2O3 substrate.  This is observed for all 
of the samples grown on the Al2O3 substrates.  We can also see that sample 4 has a FWHM of 
approximately 2°, which is a smaller FWHM than samples 9 and 12, which are at approximately 
2.7°.  This is common with both the U3O8 samples, as can be seen in Table 3 located in the 
previous chapter.  For the samples grown on Al2O3, sample 5 has the smallest FWHM at 1.1°; 
however, it still lacks a narrow component.  The broader peaks are an indication of a larger mis-
fit dislocation density. 
Figure 8 displays the rocking curves for samples 25, 26, and 27.  We can see here that the 
YSZ samples have both a narrow and a broad component.  The narrow component indicates that 
part of the film is in registry with the YSZ substrate, while the broad component indicates that 
part of the film is not in registry with the substrate.  We can compare the broad component with 
that Al2O3 film.  As seen in table 3, the average FWHM for the narrow component is 0.16°, 
while the broad component has an average FWHM of 0.80°.  The films grown on the YSZ 
substrate sill have smaller FWHMs in the broad component that the films grown on R-plane 
sapphire.  This indicated that there are fewer mis-fit dislocation defects in the YSZ films than the 
R-plan sapphire films. 
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Figure 7: Above is the rocking curve for the first reflection on samples 4, 9, and 12 grown on R-plane sapphire.  
(Listed from top to bottom) 
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Figure 8: Above are the rocking curves for samples 25, 26, and 27 grown on YSZ. (Listed from bottom to top) 
We have observed and discussed that orientation and the film mosaic; however this does 
not give any information regarding the in-plane ordering.  For that, we must perform an in-plane 
phi scan.  In-plane ordering can provide information about whether the film is highly textured or 
in fact single crystal.  This scan is performed by tilting the sample along the psi direction so that 
the x-rays are focused on a known in-plane direction.  The detector is then set at the 2θ direction 
of the in-plane reflection.  The sample is then rotated through 360° on the phi axis.  For the U3O8 
samples, the (0 3 3) reflection was used at the in-plane direction.  It should be noted that in an 
orthorhombic system, the (0 3 3) plane has a two-fold symmetry in regards to the (0 0 1) 
orientation.  All other samples are in a cubic phase, therefore the (1 1 1) reflection was used for 
the in-plane direction.  This reflection has a four-fold symmetry with regards to the (0 0 1) 
orientation.  Figure 9 displays the phi scans for sample 4, 9, and 12.   The U3O8 sample clearly 
shows a two-fold symmetry with peaks 180° apart.  Although not shown, sample 3 also 
demonstrated the same behavior.  The UO2+x and UxNd1-xO2 samples clearly demonstrate the 
four-fold symmetry of the cubic structure with the peaks being 90° apart.  It was also observed 
that samples 5 and 8 demonstrate the same behavior as sample 9.  The peak placement is not as 
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important as the degree of separation of the peaks.  The physical location of the peaks is an 
indication of how the base of the crystal structure is sitting on the substrate.  The degree of 
separation and the lack of other peaks indicates that the film is oriented in a single direction.  
Therefore, the films on the R-plane sapphire substrates are single crystal. 
Similarly, we can look at the in-plane ordering of the samples grown on YSZ.  Figure 10 
displays the phi scan results.  It can be clearly seen that these samples demonstrate a four-fold 
symmetry along the (1 1 1) direction as well by the 90°separation of the peaks.  It should also be 
noted that these peaks are slightly narrower than those samples grown on R-plane sapphire.  The 
broadness of the sapphire peaks is most likely related to the defect density, similar to the broad 
FWHM of the rocking curves.  Nevertheless, the samples grown on YSZ were determined to be 
single crystal based on their symmetry and the absence of other reflections. 
Through XRD analysis we have determined that our films are single crystal and oriented 
in the [0 0 1] direction for different uranium oxide phases.  We have also determined that the use 
of YSZ substrates produce thin films with fewer defects when compared to the R-plane sapphire 
substrates.  Now we can take a look at the thickness of the films as well as other properties that 
can be determine through x-ray reflectivity (XRR) analysis. 
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Figure 9: Above are the in-plane phi scans for samples 4, 9, and 12 grown on R-plane sapphire. (Listed top to bottom) The 
in-plane phi scan for sample 4 was performed on the (0 3 3) plane.  The in-plane phi scans for samples 9 and 12 were 
performed on the (1 1 1) plane. 
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Figure 10: Above are the in-plane phi scans for samples 25, 26, and 27 grown on YSZ. (Listed from bottom to top) The in-
plane phi scans were performed on the (1 1 1) plane. 
 
5.2 XRR Analysis and Results 
 X-ray reflectivity (XRR) is typically used to observe the thickness of thin films.  
However, we can also determine properties, such as the electronic density and roughness of the 
film, from the collected data.  For this scan, the beam is placed at 0° and is slowly rotated 
through an angle of 6° with respect to the sample.  This scan is also a 2θ-ω scan, similar to the 
specular scan described above.  The x-rays then reflect off the layers in the lattice structure.  The 
collected data shows oscillations commonly called thickness fringes.  These are used to calculate 
the approximate thickness of the thin films.  Table 4 displays the thickness of our films.  The 
thickness is strongly related to the sputtering rate and the time the film was exposed to the 
sputtered material. 
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Table 4: Sample Thickness 
Sample 4 5 8 9 12 25 26 27 
Thickness (Å) 400 370 430 380 350 440 530 890 
Χ2 32.0 20.9 107 22.1 22.9 18.7 17.2 11.7 
  
To obtain information on the roughness, electronic density, and absorption properties the 
data must be fitted.  In this fitting process, a program called REFLFIT from the National Institute 
of Standards and Technology (NIST) was used.  This program allows for layers of different 
thickness and roughness values to be inserted in the films composition.  This is very useful when 
we try to determine if there is any oxidation on the surface, or if a layer of NdxOy needs to be 
added into the film.  To fit this data the electron density and absorption coefficients must be 
calculated to create a starting point for the fit.  Table 5 displays the calculated bulk or perfect 
structure property values for various compounds that will be needed for fitting. 
 
Table 5: Calculated Fitting Parameters 
Compound Number density (electrons/Å2) Absorption Coefficient (Å-1) 
UO2 7.4 x 10
-5 3.0 x 10-5 
U3O8 5.7 x 10
-5 2.2 x 10-5 
U0.8Nd0.2O2 7.0 x 10
-5 2.9 x 10-5 
Al2O3 3.3 x 10
-5 1.3 x 10-6 
YSZ 4.6 x 10-5 6.2 x 10-6 
 
During the fitting, these values were allowed to vary to obtain a proper fit, along with the 
roughness and thickness of each layer.  With all samples, only one layer was used to model the 
substrate.  A top layer was used to allow for any potential surface oxidation to be modeled on the 
film.  On the R-plane sapphire films, it was required to add in a layer to allow for a diffusion of 
aluminum into the film structure.  Evidence of this was observed on the XPS and RBS analysis 
and will be discussed later on in this chapter.  Figure 11 displays the XRR curves that have been 
reduced and fitted for samples 5, 9, and 12.  It can be seen that each reflectivity plot has a unique 
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shape; due to different thickness, roughness, and lattice parameters.  An example of the XRR 
fitting can be seen in Table 6.  From the fitting it was determined that samples 5, 8, and 9 have a 
significant amount of aluminum diffusion due to the lower electron density and adsorption 
coefficients.  The diffusion seems to have a thickness from 100 to 170 Å, depending on the film, 
located at the interface of the R-plane sapphire substrate and the uranium oxide film.   The fitting 
of sample 5 shows that it has approximately 80 Å of surface oxidation.  The rest of the film was 
fitted with 154 Å of UO2; however, the number density and absorption values were slightly 
lower than the calculated values.   Sample 8 displays 150 Å of surface oxidation.  Similar to 
sample 5, there were 200 Å of UO2 with slightly lower values.  Sample 9 displays only 63 Å of 
surface oxidation, and 163 Å layer of UO2 with lower number density and absorption values.  A 
comparison of the number density to the depth of the film for sample 5, 8, 9, and 12 can be seen 
in Figure 12.  The lower number density and absorption values are an indication of aluminum 
diffusion within the films.  The Sample 12 displays a surface oxidation of 55 Å, which is 
comparable to the other R-plane sapphire substrates.  The U0.8Nd0.2O2 portion of the film was 
determined to be 270 Å.  The diffusion layer, however, was significantly smaller than the other 
R-plane sapphire samples at approximately 65 Å.  A possible reason for the smaller diffusion 
could be the incorporation of neodymium into the film prevents the aluminum from diffusing as 
far into the film. 
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Table 6: XRR Fitted Parameters 
Sample Layer 
Number Density  
(electrons/Å) 
Absorption  
Coefficient (Å-1) 
Thickness (Å) Roughness (Å) 
9 
Top 4.38x10
-5
 3.06x10
-6
 62.7 41.1 
Middle 1 6.94x10
-5
 2.90x10
-5
 162.8 83.0 
Middle 2 5.93x10
-5
 1.94x10
-5
 138.5 42.6 
Middle 3 4.11x10
-5
 7.14x10
-6
 9.0 17.3 
Substrate 3.78x10
-5
 1.37x10
-6
 10000 1x10
-10
 
            
25 
Top 8.03x10
-5
 1.78x10
-5
 34.5 17.4 
Middle 7.40x10
-5
 3.03x10
-5
 386.1 1x10
-10
 
Substrate 4.60x10
-5
 6.15x10
-6
 10000 1x10
-10
 
            
26 
Top 8.27x10
-5
 1.19x10
-5
 31.0 23.5 
Middle 1 7.40x10
-5
 3.03x10
-5
 266.2 11.2 
Middle 2 7.01x10
-5
 2.90x10
-5
 4.9 106.9 
Middle 3 7.40x10
-5
 3.03x10
-5
 217.3 22.8 
Substrate 4.6x10
-5
 6.15x10
-6
 10000 1x10
-10
 
            
27 
Top 7.19x10
-5
 1.38x10
-6
 33.6 24.4 
Middle 1 7.01x10
-5
 2.90x10
-5
 487.3 1x10
-10
 
Middle 2 7.01x10
-5
 2.90x10
-5
 335.2 132.7 
Substrate 4.60x10
-5
 6.15x10
-5
 10000 1x10
-10
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Figure 11: Above is the XRR data and fitting for samples 5, 9, and 12 grown on R-plane sapphire.  As we can see the 
fitting for sample 5 and 12 was difficult to obtain.  Sample 9 is fitted well at lower Q values, but starts to diverge at higher 
Q values.  The smooth curve is the fit, and the dashes are the reduced data. 
38 
 
 
Figure 12: Above is the density versus depth profile for samples 5, 8, 9, and 12 grown on R-plane sapphire.  We 
can clearly see the change in density for the oxidation and aluminum diffusion areas discussed previously. 
 
Figure 13 displays the XRR curves that have been reduced and fitted for samples 25, 26, 
and 27.  Sample 25 was fitted with a single layer of UO2, 386 Å thick.  There was no evidence of 
substrate diffusion; however there was a small surface oxidation layer 35 Å thick.  The number 
density and absorption values were also closer to the calculated values than any of the R-plane 
sapphire films, as seen in Table 6 above. A number density versus depth profile for samples 25, 
26, and 27 can be seen in Figure 14. Sample 26 was fitted with a very small layer, approximately 
5 Å, of U0.8Nd0.2O2 in between two layers of UO2.  Although this value was small, it was 
necessary for a proper fit.  The top and bottom UO2 layers were measured to be 266 Å and 220 
Å, respectively.  There was no sign of substrate diffusion, yet the surface has a 31 Å layer of 
surface oxidation.  Sample 27 was similar to sample 25 with only one layer, 822 Å thick, needed 
to fit the film. These values were also very close to the values calculated for U0.8Nd0.2O2.  Again, 
there was no substrate diffusion observed, yet there was a 34 Å layer of surface oxidation.  The 
chi square values from this fitting process can be found in Table 4.  The smaller chi square 
values indicate a better fit to the data.  It is clear that the YSZ films consistently had lower chi 
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square values.  However, all chi square values were within reason; with the exception of sample 
8. 
 
Figure 13: Above are the XRR fittings for samples 25, 26, and 27 grown on YSZ.  It can be seen that the fittings above are 
better than those for the R-plane sapphire samples shown in Figure 11.  The smooth curve is the fit, and the dashes are 
the reduced data. 
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Figure 14: Above is the number density versus depth profile for samples 25, 26, and 27 grown on YSZ.  The 
small oxidation area can be seen by the slope in the beginning of the curves.  Also, the thin layer inserted can be observed 
by the dip in the center of the profile. 
 
Overall the reflectivity analysis of the thin films can give us insight into properties about 
the film.  We have demonstrated that the samples grown on R-plane sapphire appear to have 
significant diffusion of aluminum at the film-substrate interface.  The presence of neodymium in 
the films seems to have slightly prevented the diffusion of aluminum into the film.  At the same 
time, the YSZ substrate films show no diffusion of zirconium into the film.  We also observed 
that all of the films demonstrated a surface oxidation layer.  Now that we have looked at the 
diffraction and reflectivity of these samples, we can now look at x-ray photoelectron 
spectroscopy analysis. 
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5.3 XPS Analysis and Results 
 X-ray photoelectron Spectroscopy (XPS) analysis was performed on all of the samples.  
Initially, they were analyzed in the Kratos system for the electronic properties on the sample 
surface.   The first scan that is performed on all of the samples is a survey.  This survey scan 
collects data over a binding energy range of 0 to 1100 eV.  All data is calibrated to C 1s to a 
285.1 eV binding energy.  Figure 15 displays the survey scans for samples 4, 9, and 12.  As 
discussed before, each element has unique electron binding energies.  The survey allows us to 
observe all possible elements that could be in the first 50 to 70 Å; the probing depth of XPS 
analysis.  The expected peaks of uranium, oxygen, and carbon were observed.  Neodymium was 
also observed in sample 12, as expected.  However, all of these samples show small peaks that 
are attributed to aluminum.  This is a clear indication that there is aluminum diffusion all the way 
through the film, rather than just at the film-substrate interface as speculated earlier.  Sample 3 
has a similar survey to sample 4, and therefore is not shown in Figure 15.  Likewise, samples 5 
and 8 have surveys that are very similar to the survey for sample 9 and are therefore not shown.  
In fact, the main differences between these films are the peak positions for uranium and oxygen.  
A closer look of the uranium 4f orbital peaks will be discussed later in this chapter. 
Survey scans were also performed on samples 25, 26, and 27; which can be seen in 
Figure 16.  The presence of uranium, oxygen, and carbon is observed on these films as well as 
the addition of neodymium in sample 27.  Although sample 26 was grown with a layer of UxNd1-
xO2 in the center, the neodymium was not observed due to the layer being farther into the film 
than the XPS analysis depth.  The lack of neodymium in this sample is a good indication that the 
inserted layer did not diffuse into the film during or after growth.  Also, it should be noted that 
neither zirconium nor yttrium were observed in the surveys for the YSZ samples.  We can 
deduce from this that if there was slight substrate diffusion, it does not occur throughout the film.  
Now that we have observed the composition of our films surface, we can take a closer look at the 
U 4f valence state on the surface of our films. 
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Figure 15: Above are the survey scans for samples 4, 9, and 12 grown on R-plane sapphire.  It is observed that there is a 
small Al 2p orbital peak in samples 4 and 9; indicating aluminum diffusion throughout the film.  The Al 2s orbital peak is 
observed on sample 12; however, it is hard to see in the survey due to the presence of Nd 4d orbital peak. 
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Figure 16: Above are survey scans for samples 25, 26, and 27 grown on YSZ. No zirconium or yttrium peaks were 
observed in the surveys. 
 
The U 4f valence states were first observed on the surface of the thin films.  The data is 
normalized and displayed in Figure 17.  We can see that samples 3 and 4 have a higher binding 
energy values than samples 5, 8, and 9.  The vertical line placed through the main peak of sample 
3 corresponds to the U6+ valence state, based on the accepted values discussed in Chapter 3.  As 
we can see, this valence state also corresponds to a high energy shoulder peak on sample 4.  The 
second vertical line indicates the U5+ valence state [15].  Sample 4 is observed to be comprised 
of both U6+ and U5+ valence states.  Although it is difficult to see in Figure 17, both samples 
exhibit the 8 eV satellite for U5+ and the 4 eV satellite for U6+ valence states.  Sample 5 is mainly 
comprised of the U5+ valence state; however, it has a lower binding energy shoulder that 
corresponds to the U4+ valence state [15].  This is marked in the figure as a third vertical line 
intersecting samples 5, 8, and 9.  Samples 8 and 9 have similar shapes where the main peak is 
slightly higher than the specified U5+ valence state.  Yet, it is still closer to U5+ than the U6+ 
valence state.  Also, both samples yield the 8 eV satellite structure for U5+ state.  Therefore, it is 
concluded that both samples have a dominant U5+ valence state.  It is also observed that the U4+ 
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valence state corresponds to a lower binding energy shoulder on both samples.  The U4+ satellite 
at 6 eV is also present for these peaks.  From the shape of the peaks, it appears that sample 8 and 
9 could have a small U6+ valence state.  However, no satellites for the U6+ valence state were 
observed. 
The shift from the U3O8 samples to sample 5, UO2+x, is consistent with previous work as 
discussed in previous chapters.  With the peak placement, sample 5 appears to be close to the 
U4O9 state rather than UO2.  Samples 8 and 9 have a dominant U
5+ valence state; however, there 
is an indication of a U4+ valence state.  In fact most of these samples have slightly higher valence 
states than would be expected for the growth conditions.  This is an indication that the samples 
may have surface oxidation.  Since there have been indications that the Al2O3 samples may have 
aluminum diffusion, we can compare the surface results for the YSZ samples to the 
corresponding Al2O3 samples.  This will allow us to observe if the phenomena is surface 
oxidation or a consequence of aluminum diffusion.  
 
 
Figure 17: Above are the U 4f surface scans of sample 3, 4, 5, 8, and 9 grown on R-plane sapphire. 
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 First, we will compare samples 8 and 9 grown on R-plane sapphire with samples 25 and 
26 grown on YSZ.  Figure 18 displays the comparison of these samples.  It can be seen that 
samples 9 and 26 are very similar is peak position. In fact, sample 9 has main peaks for U 4f7/2 
and U 4f5/2 at 381.3 and 392.2 eV, respectively.  This is extremely close to sample 26; which has 
main peaks for U 4f7/2 and U 4f5/2 at 381.1 and 392.1 eV, respectively.  Samples 8 and 25 have 
slightly lower binding energy peaks for the U 4f5/2 orbital that are very similar to each other.  The 
main U 4f7/2 and U 4f5/2 peaks for sample 8 are at 381.1 and 391.9 eV, respectively.  Likewise, 
sample 25 has the main U 4f7/2 and U 4f5/2 peaks at 380.9 and 391.7 eV, respectively.  Although 
these peaks vary, all of these samples are within the range of the U5+ valence state.  These 
samples exhibit a dominant U5+ valence state with a small U4+ valence state shoulder that is 
indicated on Figure 18 buy the vertical line.  The other two vertical lines are indicators of the 
main peaks in samples 8 and 9 for comparison purposes with samples 25 and 26.  Also, all of 
these samples contain satellite structures for both the U4+ and U5+ valence states at 6 eV and 8 
eV, respectively.  Since the samples grown on YSZ demonstrate the same behavior as the R-
plane sapphire samples, it can be inferred that the higher valence states are most likely due to 
surface oxidation.  This result is not surprising due to the previous knowledge that uranium 
oxides readily oxidize is air [20, 21]. 
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Figure 18: Above is the U 4f surface scan comparison of samples 8 and 9, grown on R-plane sapphire, and samples 25 and 
26, grown on YSZ. 
 
Now that we have compared the surface UO2 samples, we can take a look at the 
uniformly distributed neodymium samples.  Figure 19 displays the comparison of the surface 
scans of the U 4f orbital for samples 12 and 27.  From XRD, both samples were determined to be 
comprised of U0.8Nd0.2O2.  This would indicate that we should observe mainly a U
4+ valence 
state with a small shoulder for the U5+ valence state.  This is due to the +3 valence state exhibited 
by the neodymium.  Yet, we do not observe the predicted uranium valence states.  This could be 
due to the samples being sub-stoichiometric or due to surface oxidation.  The position of sample 
27 indicates that it contains a dominate U5+ valence state with the main U 4f7/2 and U 4f5/2 peaks 
located at 380.7 and 391.6 eV, respectively.  It does have a shoulder on the lower binding energy 
side of both peaks, indicating the presence of U4+ valence state.  Also, sample 27 exhibits the 
satellite structures for both the U4+ and U5+ valence states.  The shoulder on sample 27 seems to 
be in line with the main peak of sample 12.  The U5+ valence state dominance is an indication 
that the sample has some surface oxidation.  The main peaks for sample 12, located at 379.9 and 
390.9 eV, are consistent with the U4+ valence state.  Sample 12 displays the satellite structure for 
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U4+ valence state; however, it also displays the satellite structure for U5+ valence state even 
though no component peak is present.  It also does not display the shift in valence state that 
would be predicted from surface oxidation.  Since the rest of the films exhibit signs of surface 
oxidation, it would lead to the conclusion that sample 12 should have some surface oxidation.  A 
possible explanation for the lack of shift in the valence state would be the addition of interstitial 
aluminum.  The addition of Al3+ as a substitutional impurity would combat the shift from U4+ to 
U5+ due to the surface oxidation.  This would leave most of the uranium in the U4+ valence state.  
The presence of the U5+ valence state satellite could be remnants of the uranium valence state 
adjustment from the oxidation process. 
 
Figure 19: Above are the surface scans for samples 12, grown on R-plane sapphire, and 27, grown on YSZ. 
 
From analyzing the surface scans of the samples it is clear that the samples contain some 
amount of surface oxidation.  To observe the true nature of the uranium in our films we must 
look deeper into the film.  To do so, we will sputter into the film for a set time period to reach the 
section of the film that is below the oxidation layer.  However, with sputtering comes a small 
problem of induced valence states due to preferential sputtering of lighter species.  To confirm 
48 
 
that we are not inducing any valence states into our films, we will take one sample and compare 
the U 4f orbital at three different depths in our film. 
 
Figure 20: Sputtering investigation of sample 25 grown on YSZ. 
 
To confirm the phenomenon, we took XPS data from three different depths of sample 25.  
The first measurement was taken from the initial surface of the film.  The data acquired showed 
that the U 4f peak was dominated by a U5+ valence state, with the presence of a U4+ valence 
state.  These valence states are indicated by the presence of two satellites at approximately 8.1 
and 6.5 eV.  The peak energies displayed in Table 7, along with the satellite structure, are 
consistent with reported values [5, 6, 7].  A comparison of the U 4f orbital for the three depths in 
sample 25 can be seen in Figure 20.  Next, we sputtered for 30 seconds at a rate of 30 Å/min.  
The XPS data taken at 15 Å showed a dominant U4+ valence state, indicated by satellites at 6.6 
eV.  These values, displayed in Table 7, are also consistent with the reported values [5, 6, 7].  It 
is evident that there is a decrease in the valence state of the uranium by the shift to lower binding 
energies from the surface to 15 Å scan.  Lastly, we looked deeper into the film to investigate if 
the U4+ state was induced from sputtering or in fact within the film.  The data from 100 Å reveals 
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a broadening of the U 4f peaks compared to the data taken at 15 Å.  This is an indication of 
induced valence states from sputtering.  However, the U4+ state still remained as indicated by the 
satellites at approximately 5.7 eV. Fitting the main peaks with smaller Gaussian shaped 
component peaks showed a presence of U4+, Ux+ and U(0) that are consistent with previous works 
[4, 5].  The Ux+ state is an induced valence state of uranium where x < 4, and has been observed 
in previous work [3].  Since the U4+ valence state is still present in the XPS data from 100 Å and 
in the data from 15 Å, we can conclude that the U4+ state at 15 Å was not induced.  Rather our 
film contained surface oxidation and the sputtering merely removed the oxidation layer without 
inducing the results at the 15 Å depth.  In Table 7, it is seen that the U4+ valence state at 15 Å is 
equivalent to the Ux+ valence state at 100 Å.  While the U4+ valence state for 100 Å has a value 
slightly higher than the U4+ valence state at 15 Å, this is still within reason since the reported 
values for the U4+ state are actually closer to the 100 Å values.  The U4+ valence state values for 
15 Å are slightly low but still within the accepted range.  With the confirmation that our thin 
films have surface oxidation, we sputtered each sample for 30 seconds before collecting the XPS 
data. 
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Table 7: Sputter Investigation of Sample 25 
 
Measurement 
Position 
Peak 
Component 
Peak Energy (±0.3eV) FWHM (eV) Satellite (∆eV) 
Area 
Percent 
Surface 
U5+ (4f7/2) 381.0 1.64 8.1 17.73 
U4+ (4f7/2) 379.9 1.23 6.5 7.90 
U5+ (4f5/2) 391.7 2.02 8.2 18.81 
U4+ (4f5/2) 390.5 1.00 6.7 2.62 
       
15 Å 
U4+ (4f7/2) 378.5 1.96 6.7 30.90 
U4+ (4f5/2) 389.2 1.94 6.6 22.12 
       
100 Å 
U4+ (4f7/2) 380.5 4.34 5.1 13.16 
Ux+ (4f7/2) 378.5 1.54 - 11.10 
U0 (4f7/2) 377.7 3.64 - 17.51 
U4+ (4f5/2) 389.5 4.28 6.7 15.13 
Ux+ (4f5/2) 389.3 1.65 - 9.06 
U0 (4f5/2) 387.6 2.42 - 4.95 
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Figure 21: Comparison of sputtering results for samples 3 and 9, grown on R-plane sapphire, and 25 grown on YSZ. 
 
First we will look at sample 3, displayed in Figure 21.  From XRD analysis we know that 
sample 3 is in the U3O8 structure.  The observed peak placement of the U 4f7/2 and U 4f5/2 are 
380.3 eV and 391.1 eV, respectively.  These values are slightly lower than the reported values of 
381.5e V and 392.4 eV for U3O8[5].  The data was fitted with Gaussian shaped components to 
investigate the cause of a lower binding energy.  It was found that sample 3 was comprised of 
U4+ and U5+ valence states, consistent with U3O8.  This was evident by the peak placement and 
satellite structure of the fit.  The values can been found in Table 8.  The U4+ valence state clearly 
shows a satellite at 6.9 eV and 7.1 eV from the component peaks.  The U5+ valence state was 
confirmed by the placement of the component peaks and the presence of its satellites at 8.9 eV.  
Typically, U3O8 prefers U
6+ and U4+ with 2/3 and 1/3 ratios, respectively.  However, this is not 
observed in our films.  Rather we observe a strong U5+ signal with a U4+ shoulder.  An 
explanation of this is the diffusion of aluminum from the substrate through our films.  The 
presence of a donor substitutional atom would cause the uranium to reduce to a lower oxidation 
level as it does not need to supply as many electrons.  Never the less, the U4+ values are 
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consistent with reported values [5, 6].  Next we looked at samples 9 and 25.  As confirmed by 
XRD, these samples are UO2.  Similar to sample 3, we also fit samples 9 and 25 with Gaussian 
shaped component peaks.  From these components we were able to determine that these two 
samples display U4+ valence state as evident by the component position and satellite structure.  
As found in Table 8, both sample display satellites around 6.7 eV from the U4+ component.  This 
is consistent with the reported satellite structure for U4+ [7].  However, it was observed that 
sample 9 displayed some component peaks lower than the U4+ binding energy.   It is denoted in 
Table 8 as Ux+ where x is less than 4.  For sample 9, the observed peak placement for U 4f7/2 and 
U 4f5/2 are at 378.1 eV and 388.9 eV, respectively.  This is approximately 0.5 eV lower than 
sample 25 at 378.6 eV and 389.3 eV.  These differences can be explained by aluminum diffusion 
in sample 9.  If the aluminum takes an interstitial lattice site, then it would cause the uranium to 
reduce to a lower valence state and therefore lower binding energy.  Overall, the U4+ valence 
state components were found to be slightly lower, but still within the acceptable U4+ binding 
energy range [5, 6]. 
 
Figure 22: Comparison of sputtering results for samples 12, grown on R-plane sapphire, and 27, grown on YSZ. 
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Samples 12 and 27 were grown with a uniform distribution of neodymium in the UO2 
structure.  Fitting the XPS data with Gaussian shaped components showed that these samples 
contain U4+ valence state.    As seen in Table 8, both sample exhibit satellite structures at 
approximately 6.8 eV, which is consistent with reported values [7]. Although the peak placement 
for the U4+ state is a little lower than the reported values, it is still within the acceptable range [5, 
6].  The XPS data for sample 27 yield U 4f7/2 and U 4f5/2 peaks at 378.5 eV and 389.3 eV, 
respectively.  Although these peaks are consistent with sample 25, they are approximately 0.5 eV 
lower than sample 12; 379.0 eV and 390.1 eV.  It is also observed that sample 12 has much 
broader peaks than sample 27.  This could be due to the diffusion of aluminum into the film of 
sample 12.  Through XRD and RBS analysis, combined with the sputtering gun current ratios, it 
was determined that in samples 12 and 27, approximately 20% of the cation lattice sites are filled 
with neodymium and the other 80% are filled with uranium.  This alone would cause there to be 
a small U5+ peak to be evident in the XPS analysis.  We in fact see this in sample 27.  Although 
the peak position for the U5+ valence is low, the separation between the U4+ and U5+ is consistent 
with reported values, along with the presence of small 8.0 eV satellites [6].  If we introduce 
aluminum into a cation lattice site, it would cause more uranium to shift from U4+ to U5+ valence 
state.  If the aluminum was introduced at an interstitial site, then the U5+ valence state would 
shift back to the U4+ valence state.   In sample 12 we do not see the presence of U5+ satellites and 
the component energies are slightly lower than the accepted U5+ valence state values [5, 6].  This 
could be due to a convolution of the uranium shifting from the U5+ and the U4+ valence states, 
depending on how the aluminum is situated in our film.  This convolution peak would be very 
broad and cause the main peak to broaden and shift slightly to higher binding energies as 
observed. 
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Table 8: XPS U 4f Results After 30 Second Sputtering 
Sample 
 
Peak Energies (±0.3 
eV) 
FWHM (eV) Satellite (∆eV) Area Percent 
3 
U5+ (4f7/2) 379.9 3.24 8.9 27.80 
U4+ (4f7/2) 379.3 1.45 6.9 12.75 
U5+ (4f5/2) 390.6 2.26 8.9 16.84 
U4+ (4f5/2) 390.0 1.24 7.1 5.75 
      
9 
U4+ (4f7/2) 378.3 2.25 6.8 18.64 
Ux+ (4f7/2) 377.8 1.17 - 4.01 
U4+ (4f5/2) 389.2 3.39 5.6 18.69 
Ux+ (4f5/2) 388.8 1.82 - 8.47 
      
12 
U5+ (4f7/2) 379.5 3.14 - 24.02 
U4+ (4f7/2) 379.0 1.54 6.8 13.46 
U5+ (4f5/2) 390.1 2.96 - 23.67 
U4+ (4f5/2) 389.8 1.34 6.4 4.97 
      
25 
U4+ (4f7/2) 378.5 1.96 6.7 30.90 
U4+ (4f5/2) 389.2 1.94 6.6 22.12 
      
27 
U5+ (4f7/2) 379.7 5.77 8.0 24.04 
U4+ (4f7/2) 378.5 1.68 7.1 19.19 
U5+ (4f5/2) 390.4 2.95 8.1 8.74 
U4+ (4f5/2) 389.3 1.77 6.4 15.43 
 
The neodymium 3d orbital peaks in samples 12 and 27 were also observed during the 
XPS analysis.  It is known that the neodymium 3d orbital exhibits spin-orbital splitting much like 
uranium.  The Nd 3d orbital splits into Nd 3d5/2 and Nd 3d3/2 with binding energies located at 
982.7eV and 1004.8 eV, respectively [23].  Figure 23 displays the surface and 15 Å deep scan 
over the Nd 3d binding energy range.  It is observed that samples 12 and 27 display very similar 
shapes.  There is an oxygen KLL peak that is observed on the low binding energy side of the Nd 
3d5/2 peak on both samples.  Also, we observe that the peak placements for these two samples are 
very close the reported values.  A summary of the peak placement can be seen in Table 9.  
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Instead of a shake-up satellite, neodymium actually displays a shake-down peak.  We can see 
that the placement of this shake-down satellite is fairly consistent in both the surface and the 15 
Å deep measurements.  In the 15 Å deep scans, the Nd 3d peaks are observed to shift 
considerably to lower binding energies.  In the sputtering process, oxygen is preferentially 
sputtered since it is the lightest atom.  This would cause the neodymium to shift to slightly lower 
binding energies since it doesn’t have to give up as many electrons to the oxygen atoms.  
However, since there is very little data differentiating Nd3+ and Nd2+ XPS peaks, further 
investigation into this phenomenon will be needed. 
 
Table 9: XPS Nd 3d Peak Energy Results 
Sample 
Peak 
Component 
Peak  
Energy (±0.3eV) 
FWHM (eV) Satellite (∆eV) 
Area 
Percent 
12  
(Surface) 
Nd 3d5/2 982.5 2.39 -3.5 13.36 
Nd 3d3/2 1004.9 3.74 - 4.4 16.34 
27 
(Surface) 
Nd 3d5/2 982.5 2.48 -3.9 14.56 
Nd 3d3/2 1004.9 3.63 -4.2 14.94 
12 
(15Å deep) 
Nd 3d5/2 981.3 3.49 -4.2 17.49 
Nd 3d3/2 1003.5 3.15 -3.7 5.63 
27 
(15Å deep) 
Nd 3d5/2 981.8 2.95 -4.2 12.43 
Nd 3d3/2 1004.3 3.53 -3.8 13.29 
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Figure 23: Above is the comparison of the Nd 3d orbital on the surface and at 15 Å deep. 
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Chapter 6: Conclusions 
In this thesis we described the growth and characterization of a number of thin films.  
After giving a brief theoretical background of the x-ray photoelectron spectroscopy and x-ray 
diffraction analysis techniques, and a description of the magnetron sputtering technique we 
proceeded to analyze the thin films.  The primary focus of the analysis was on use of x-ray 
photoelectron spectroscopy as an analysis tool.  X-ray diffraction and reflectivity analysis were 
used to confirm the results from the x-ray photoelectron spectroscopy analysis.  The x-ray 
photoelectron spectroscopy allowed us to observe the behavior of the valence states of elements 
contained in our films.  The x-ray diffraction allowed us to observe the phase and crystallinity of 
the films.  By considering the results from the three analysis techniques, conclusions as to the 
ability of the magnetron sputtering system to successfully grow thin films of uranium oxide can 
be made. 
Using x-ray photoelectron spectroscopy, along with x-ray diffraction and reflectivity, we 
were able to investigate the structural and chemical states of our thin films.  Samples 3 and 4, 
grown on R-plane sapphire, were observed to have the same characteristic valence states as U3O8 
in the XPS analysis.  Although the valence states were slightly high for the surface scans, this 
can be attributed to slight surface oxidation.  Also, the lower valence states found in the analysis 
layer 15 Å deep can be attributed to aluminum diffusion from the substrate.  This phenomenon 
was confirmed using XRR by the insertion of different layers for the fitting.  The U3O8 structure 
was confirmed using XRD.  It was found that both samples were oriented in the (0 0 1) direction.  
Based on the specular scan, rocking curve, and in-plane phi scan we can conclude that single 
crystal thin films of U3O8 with slight aluminum diffusion, as evident in the XPS analysis, have 
been grown using the magnetron sputtering system.  In previous work, it was stated that the 
growth of U3O8 was not possible through the method of deposition.  In situ deposition could only 
produce oxidation states no higher than +4 due to UO2 oxidation kinetics [2].  However, from 
this analysis we have seen that it is possible to produce higher uranium oxides by in situ 
deposition. 
The XPS analysis revealed that three samples grown on R-plane sapphire are in the 
UO2+x phase.  Although it is difficult to ascertain the values of x from these techniques, it 
appears that one sample in this set (sample 5) maybe be closer to the U4O9 phase than the other 
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two samples (samples 8 and 9) based on the oxygen partial pressure at growth.  Unfortunately, 
XRD cannot distinguish between the UO2, UO2+x, or U4O9 states since the diffraction peaks are 
so close together.  XPS and XRR analysis did show signs of aluminum diffusion through the 
film. The aluminum is most likely situated at an interstitial lattice site due to its small size and 
lack of phase change in the XRD specular scan.  The XRD specular scan gave confirmation that 
the UO2+x samples grown on R-plane sapphire were oriented in the (0 0 1) direction.  Also, the 
rocking curve and in-plane phi scans indicate that these films are single crystal. 
The analysis of sample 12 showed that the sample is in the U1-xNdxO2±y phase; where x is 
approximately 0.2 from the sputtering gun current ratios.  The XPS survey scan clearly shows 
the presence of neodymium in the film, indicating that the neodymium is throughout the film.  
The XRD specular and in-plane phi scans demonstrated that the neodymium is incorporated into 
the film’s lattice structure by the lack of precipitate peaks.   The surface XPS data for the U 4f 
orbital seemed to be convoluted between the surface oxidation that was occurring and the 
interaction of diffused aluminum with the rest of the film structure.  The sputtering data helped 
to remove the influence of the surface oxidation; however, the diffused aluminum still affected 
the U 4f valence state. 
All R-plane sapphire samples displayed signs during the analysis of aluminum diffusion 
and surface oxidation.  While the surface oxidation is to be expected due to the ex situ analysis, 
the aluminum diffusion was an unpredicted consequence to using the R-plane sapphire 
substrates.  As mentioned earlier, the yttrium stabilized zirconium substrates were chosen as a 
new substrate in hopes to eliminate the substrate diffusion problem.  The UO2+x sample grown on 
YSZ (sample 25) was grown with similar conditions as the UO2+x samples grown on R-plane 
sapphire (samples 8 and 9).  The XPS analysis on the surface revealed a higher binding energy 
than for typical UO2.  This was attributed to surface oxidation, which is commonly seen on all 
samples.  At a depth of 15 Å, the UO2+x sample grown on YSZ exhibited the expected U
4+ 
valence state for UO2 phase.  The XRD gives us confirmation of UO2+x growth and displays an 
orientation in the (0 0 1) direction.  The rocking curve displays both a narrow and broad 
component, which indicates that the film has good mosaic. Based on the specular scan, rocking 
curve, and in-plane phi scan we can conclude that single crystal UO2+x thin film was grown on 
YSZ.  The XRR and XPS analysis yield no indications of any substrate diffusion in the film. 
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 Another sample was grown on YSZ with a layer of U1-xNdxO2±y in the center of two UO2 
films (sample 26).  This layer would not have been seen by the XPS analysis due to the thickness 
of the top UO2 layer.  As indicated by the XRR analysis, the top UO2 layer was approximately 
266 Å thick.  Even after sputtering away the oxidation later, the XPS method does not penetrate 
deep enough into the film to analyze this section.  The XPS analysis revealed that sample 26 
displayed the characteristics of UO2.  XRD analysis displayed a UO2 film with a (0 0 1) 
orientation.  The XRD specular scans would not display the thin layer of U1-xNdxO2±y.  The cubic 
structures of UO2 and U1-xNdxO2±y are very similar, meaning that their diffraction peaks would 
be very close together.  Therefore, the slight shift would be undetectable in the specular scan.  
The rocking curve showed that the film was in good registry to the substrate, and the in-plane 
displayed the typical four-fold symmetry.  The lack of precipitate peaks in the specular scan is an 
indication that the neodymium was correctly incorporated into the film lattice structure.  
Therefore, this sample was determined to be a single crystal of UO2 with a thin layer of U1-
xNdxO2±y in the center. 
 The XPS analysis of the U1-xNdxO2±y grown on YSZ (sample 27) displays a dominant U
4+ 
valence state, with a small U5+ valence state shoulder.  This follows the predicted behavior for a 
sample of U1-xNdxO2±y, where the neodymium is uniformly distributed.  The U
5+ valence 
indicates the adjustment made from the incorporation of Nd3+ into the lattice structure.  The XRR 
analysis revealed number density and absorption coefficient values consistent with U0.8Nd0.2O2 
composition.  The XRD displayed a single phase in the (0 0 1) orientation, indicating that the 
neodymium did not precipitate out of the lattice structure.  The rocking curve showed the film 
was in registry with the substrate and the in-plane phi scan demonstrated the expected four-fold 
symmetry behavior.  With the lack of indication of a neodymium oxide precipitate, it was 
concluded that this sample is a single crystal U0.8Nd0.2O2 film. 
 Overall, it can be concluded that all samples experience some surface oxidation due to 
the ex situ analysis techniques.  The analysis on the R-plane sapphire samples showed 
indications of aluminum diffusion into the films.  Sapphire is not stable at high temperatures with 
respect to uranium overlays.  It can become a problem for future work performed on these and 
similarly grown films.  The yttrium stabilized zirconium is better suited as a substrate for the 
magnetron sputtering process.  None of the films grown on yttrium stabilized zirconium 
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displayed indications of diffusion during analysis.  This was confirmed using Rutherford 
Backscattering Spectroscopy (RBS) and Secondary Ion Mass Spectrometry (SIMS) analysis 
techniques; these results are not shown in this work.  Also, the mosaic of the film improved 
significantly when the YSZ substrates were used, compared to the R-plane sapphire substrates. 
In future work, the YSZ substrates should be used over the R-plane sapphire substrates whenever 
possible. 
 The analysis of these films also demonstrated the magnetron sputtering system’s ability 
to grown various uranium oxides, as well as, implant neodymium into the UO2 lattice structure.  
It was demonstrated that our system can effectively produce U3O8 on R-plane sapphire, and both 
UO2±x, and U1-xNdxO2±y with x ≈ 0.2, in discrete layers or uniformly throughout the film, on R-
plane sapphire and YSZ.  In the future, work should be done to study the exact growth parameter 
ranges to yield a specified result. 
  
61 
 
Chapter 7: Future Work 
 These films, and those similarly grown, can be used to study the effects of radiation at 
various dose and temperatures.  This can be done by analyzing the thin films before and after 
irradiation with micro-analytical techniques such as XPS, XRD, RBS, and SIMS.  Using various 
doses and temperatures will allow observations as to the individual and combined effects during 
radiation.  The structural changes of UO2 and U3O8 due to radiation can then be documented and 
eventually incorporated into coding software.   
Diffusion couples can be grown to study the diffusion of neodymium into a uranium 
oxide after irradiation.  This study would allow us to observe and document the transportation of 
neodymium and other actinides in a uranium oxide environment.  Ultimately, these films can be 
used to study radiation damage in nuclear fuel and fuel rods.  Cataloging this behavior can lead 
to updating coding software used to predict the behavior of nuclear fuel.   
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